Abstract-Experimental samples of photoresistors based on a Pb 0.902 Sn 0.098 Se solid solution semiconductor films obtained by the layer by layer deposition of individual selenides of lead and tin(II) with subsequent thermal activation are developed. The structure and morphology of the thin film compositions (SnSe-PbSe) 2 are studied. The temperature dependences of the dark resistance, signal, noise and its ratio, as well as the fre quency and spectral characteristics of photoresistors fabricated on the basis of Pb 0.902 Sn 0.098 Se films in the range of 205-300 K are studied. The optimal bias voltages are determined. It is shown that the location of the maximum and the right boundary of the photoresponse for Pb 0.902 Sn 0.098 Se based photoresistors is shifted, in comparison with PbSe, toward the long wavelength region by 0.7 μm. The maximal detectivity of the stud ied photoresistors (2.0 × 2.0 mm) obtained at 230 K was 9 × 10 9 cm W -1 Hz 1/2 . The advantages of using the Pb 0.902 Sn 0.098 Se based photoresistors in the spectral range of 3.0-5.5 μm compared with PbSe based ones are shown.
INTRODUCTION
The development of new photosensitive materials for the mid and far infrared (IR) ranges (3-14 μm) is a topical problem in the development of a modern infrared technique [1] [2] [3] [4] [5] . The CdHgTe based and PbSnTe based photodetectors, currently used in these ranges, are complex in fabrication and have unstable properties. Alternative materials are substitutional solid solutions in the lead selenide-tin(II) selenide sys tem [6] [7] [8] . They exhibit inversion of the conduction bands upon formation of the overall PbSe-SnSe structure, which determines a decrease in the solid solution band gap with increasing SnSe content. This leads to a shift of the range of spectral sensitivity to the long wavelength region of the IR spectrum [9, 10] . A promising method for obtaining PbSnSe solid solu tions is the hydrochemical deposition method. It does not require complex manufacturing equipment and is well tested for obtaining PbSe layers [11] [12] [13] . In our previous studies, we determined the synthesis condi tions of Pb 1 -x Sn x Se films (0 < x < 0.132) by means of the joint [14] and layer by layer [15] hydrochemical deposition of individual selenides of lead and tin(II) with their subsequent thermal treatment in air. How ever, the photoelectric parameters of photoresistors (PR) fabricated based on them were not studied.
The goal of this study is to investigate the photo electric, frequency, and spectral characteristics of photo resistors fabricated based on Pb 0.902 Sn 0.098 Se solid solu tion films obtained by the layer by layer hydrochemi cal deposition of SnSe and PbSe with subsequent thermal treatment in air [16] .
EXPERIMENTAL
The hydrochemical synthesis of SnSe and PbSe films was performed in sealed reactors 100 mL in vol ume made of molybdenum glass and placed into a U 10 thermostat with a temperature measurement accuracy of ±0.1%. As the substrate materials, we used the ST 50 1 2 grade glassceramic.
The PbSe films were obtained from a bath contain ing lead acetate, ethylene diamine, selenium carbam ide, ammonium acetate, ammonium iodide and sodium sulfate. The synthesis temperature was 308 K and its duration was 60 min. To deposit the SnSe films, we used a reaction mixture prepared from tin(II) chlo ride, Trilon B, sodium hydroxide, selenium carbamide and sodium sulfate. The SnSe films were obtained at 343 K for 90 min. To form the films of Pb 1 -x Sn x Se solid solutions, we sequentially deposited SnSe and PbSe layers with the obtainment of multilayer compositions. For their thermal treatment, we used a PM 1.0 7 fur nace with temperature control accurate to ±2 K.
The film thickness was measured by the optical method using a Specord 75 IR spectrometer in the wavelength range of 2.5-25.0 μm.
The phase composition and structure of the films were studied by X ray diffractometry using a DRON 3 diffractometer with copper radiation in the scanning mode with a step of 0.02° and a time of signal accumu lation at a point of 5 s. The SnSe fraction in the Pb 1 -x Sn x Se solid solution structure was calculated by the Vegard rule [17] using the lattice constant of pseudocubic SnSe 0.6002 nm [18] . The error in deter mining the content of the substituting component in the solid solution was no larger than ±0.4 mol % with a confidence probability of 90%.
The photoelectric characteristics of the photoresis tors (PR) were studied according to GOST (State Standard) 177892 79. To measure the volt-watt sensi tivity and dark resistance, we used a K.54.410 mea surement stand. The dimensions of the sensitiveele ment of the studied samples were 2 × 2 mm. The time constant was measured by the two frequency method accurate to ±10%.
Low temperature studies of the photoelectric characteristics of the PRs were performed using a two cascade thermoelectric cooler (TEC) in the tempera ture range 205-300 K with temperature control accu rate to 0.2 K. As the TEC, we used a two cascade cooler produced by the State Research and Produc tion Enterprise of Thermophysical Instrument Mak ing (GNIPP TFP) "Osterm" (St. Petersburg).
The relative spectral characteristics of the photore sistors were recorded using an SPM 2 double mono chromator at a radiation modulation frequency of 1000 Hz.
The contact pads on the sensitive elements were formed by means of the electrochemical deposition of Ni. Gold conductors were soldered to the contact areas using a POSK low temperature solder.
The photosensitive elements of the PR were mounted into a TO 5 type case or into a Burt case with the two cascade TEC using a heat conductive compound. The cases were filled with dry air.
As the input window in the uncooled PRs, we used sapphire glass (Al 2 O 3 ) with a right transmission edge of 6.5 μm. The input window was glued into the top of the PR case using a special compound. The top was fixed onto the case via soldering or laser welding. As the input window in the cooled photoresistors, we used fluorite (CaF 2 ), which has a transmittance of up to 90% in the range 0.13-7.0 μm.
EXPERIMENTAL RESULTS
AND DISCUSSION When analyzing the X ray diffraction patterns of our PbSe films, we identified only NaCl type cubic structure (B1), which is characteristic of PbSe crystals. Comparison between the interplanar distances of the crystal lattice of the films and the reference data for PbSe single crystal showed that they almost coincide, which indicates a high degree of crystal structure ordering.
In contrast to the PbSe films, the films of tin(II) selenide grow in a slower kinetic mode. Analysis of the X ray diffraction patterns of tin(II) selenide shows that the films have a high degree of crystallinity, and the basic diffraction reflections correspond to the orthorhombic SnSe structure (the SnS type (B29), space group -P cmn ).
To attain the final goal, we obtained multilayer structures by means of the alternate deposition of PbSe and SnSe films. The number of layers of individ ual selenides was varied from two to eight. We synthe sized and studied the following compositions: bilayer-SnSe-PbSe, three layer-PbSe-SnSe-PbSe, four layer-SnSe-PbSe-SnSe-PbSe, five layerPbSe-SnSe-PbSe-SnSe-PbSe, six layer-SnSePbSe-SnSe-PbSe-SnSe-PbSe, and eight layerSnSe-PbSe-SnSe-PbSe-SnSe-PbSe-SnSe-PbSe. Their total thickness increased as the number of layers increased and constituted ~1.0 μm for the bilayer structures, 1.4-1.5 μm for the three layer structures, 1.7-1.8 μm for the four layer structures, 2.6-2.8 μm for the six layer structures, and 3.4-3.6 μm for the eight layer structures.
It follows from the results of X ray studies of the synthesized structures that diffraction reflections cor respond to the NaCl structure (B1) in all cases. It is established that the architecture of the PbSe film, which is the upper layer of the composition, differs from the individual PbSe deposited on the glass ceramic substrate. For the four layer structure, it is noted that crystallite sizes decrease compared with PbSe, namely, from 900-1200 nm to 200-300 nm, and to 30 nm according to the data of broadening the X ray reflections. This fact can be interpreted from the viewpoint of varying the nucleus formation conditions for each subsequent PbSe layer. It should be noted that a decrease in the crystallite size should promote inten sification of the diffusion processes between adjacent layers of metal selenides forming favorable potentiali ties for formation of the structure of the substitutional solid solution in the PbSe-SnSe system.
To sensitize these structures to infrared (IR) radia tion, we used their thermal annealing in air in the tem perature range 593-723 K. It was established that thermal treatment substantially changes the film mor phology and composition.
It is important in principle that the diffraction reflections of the thermally treated multilayer compo sitions are shifted to the far angle region, which is associated with the formation of Pb 1 -x Sn x Se substitu tional solid solutions (0 ≤ x ≤ 0.132). We also identified reflections from layers relating to the lead oxide and selenite phases (PbO, PbSeO 3 ) responsible for photo sensitive properties. Our data on the thermal treat ment of multilayer compositions allow us to make an important conclusion that various films have their own activation temperature, which characterizes their optimal degree of oxidation and the photoresponse level maximal for these conditions. As the number of layers increases, the photosensitivity maximum shifts
